ABSTRACT
The differentiation of lymphocyte subsets plays an important role in transplant medicine. The review describes alterations in the expression of surface molecules on circulating T cells associated with immunosuppressive therapy. Phenotypic changes are reflecting the various stages of T cell development, the degree of thymic involution, and disease-and treatment-associated perturbations. The most pronounced effects on T cell subsets are mediated by depleting therapies with mono-or polyclonal antibodies. The lymphopenia-induced homeostasis-driven proliferation leads to a novel homeostasis characterized by the expansion of cell subsets that characteristically show a phenotype of terminally differentiated cells such as CD8
-T cells. Cells with these markers have long been linked with suppressor functions and recent data suggest their specific regulatory role. In addition cell phenotypes seen in transplant patients show striking similarities with changes in immune cells associated with aging. These phenotypic changes suggest an accelerated aging of the immune system in transplantation.
INTRODUCTION
Fluorescence-based flow cytometric analysis has become a widely used diagnostic tool to analyze phenotypes of cells. The underlying review gives a survey of changes in immune phenotypes associated with immunosuppressive therapy in transplant patients.
The phenotype of cells is defined by the expression of hundreds of unique surface proteins, glycoproteins, and glycolipids on the membrane. These molecules distinguish cell lineages and stages of their differentiation. Phenotyping cells started with the development of antisera, such as anti-Ly-1 and anti-Ly-2, separating different subsets of lymphocytes. The development of monoclonal antibody technology was instrumental in detecting individual cell surface molecules and identifying unique patterns of expression on different cell subsets (1) (2) (3) (4) (5) .
The cluster of differentiation (CD) nomenclature was developed by the International Leukocyte Workshop to define this broad array of cell surface molecules. All monoclonal antibodies that react with the various epitopes of the same membrane molecule are grouped into an individual cluster. Practically all the genes encoding these CD molecules (syn. CD antigens or CD markers) have been cloned and the serologic epitopes have been identified. On the most recent Human Leukocyte Differentiation Antigen workshop (HLAD7 in Harrogate in the year 2000) about 80 new CD specificities were added. Now the CD index comprises more than 250 CD designations (for molecular, functional, and other data on the CD markers see the "Protein Reviews on the Web" PROW web site http://www.ncbi.nlm.gov/prow/) (6, 7) .
The sheer number of CD molecules reflects the heterogeneity and complexity of cell populations. Cell lineages and subpopulations are traditionally differentiated by three-color flow cytometric analyses. But, due to the limited number of markers used, functionally and phenotypically distinct 'fine' cell subsets may not be detectable. Differences between surface molecules expressed and actually measured may explain some of the controversial and sometimes confusing data in regard to described changes in subsets (2, 3, 5, 8, 9) . These methodological limitations inherent to flow cytometric data generated over the last 20 years have to be taken into account. Reflecting these considerations, the underlying review focuses more on general principles of phenotypic changes in 'broad' lymphocyte subsets than on patterns of expression to identify 'fine' cell subpopulations.
T cells play the key role in immune responses associated with both solid organ and bone marrow transplantation. T lymphocytes are the primary target of immunosuppressive therapy. Flow cytometry allowed for the first time the routine analysis of T cell subsets both for diagnostic purposes and for therapeutic monitoring (1, 2) . Analyses of T cell populations constitute the bulk of data on phenotypic changes associated with immunosuppression. Therefore primarily phenotypic changes in T cell subsets will be reviewed. Figure 1 shows the key elements determining the T cell phenotype. Markers of cell lineage and state of differentiation primarily characterize the different T cell subsets. In general, phenotypic changes are due to aging, diseases, and therapies. The continuous presence of the allograft is an additional transplant specific factor. Characteristic phenotypes related to the normal T cell physiology and to the specifics of the transplant setting will be discussed in sections 3 and 4. Section 5 reviews the impact of immunosuppressive therapy on the expression of cell surface markers. Principal differences between immunosuppressive agents will be outlined and main mechanisms of action related to surface molecules will be discussed. The impact of these therapies on immune reconstitution reflected by cell surface molecule monitoring will be topic of section 6. The mechanism of regeneration and the establishment of a novel T cell homeostasis will be reviewed. The last point analyzes similarities in the phenotypic changes associated with transplantation and immunosuppressive therapy and accelerated aging.
PHYSIOLOGIC CHANGES IN IMMUNOPHENOTYPES

Expression of cell surface markers during T cell development
Maturation describes the intra-thymic pathway of T cell development from progenitor cells to mature, singlepositive CD4 or CD8 thymocytes. This process includes T cell receptor (TCR) gene rearrangement, positive and negative selection and is marked by characteristic changes in cell surface phenotypes.
In the early phase the progenitor cells do not express surface molecules characteristic of T cells. They are referred to as double-negative cells. The developmental progression of the double-negative population is marked by the expression of surface markers, particularly c-Kit, CD44, and CD25. Further maturation leads to the expression of a TCR and the progression to the CD4 and CD8 doublepositive state. The early markers CD44 and CD25 are no longer expressed. Double-positive thymocytes that express the alpha-beta TCR-CD3 complex and survive thymic selection develop into either single-positive CD4 or singlepositive CD8 thymocytes. This transformation is not well understood. One model postulates that interactions with class I MHC instructs the double-positive cells to differentiate into CD8 + T cells and engagement with class II MHC selects for CD4 + T cells, respectively. The intrathymic maturation process takes about 3 weeks and around 98% of all thymocytes do not mature and undergo apoptotic cell death. The single positive thymocytes leave the thymus and enter the circulation as mature, naïve CD4 + or CD8 + T cells (2, 7). As described in section 6 extrathymic maturation pathways exist and seem to mimic the thymic developmental steps. Post-thymic differentiation comprises the development of T cells from naïve to effector and memory cells as a result of antigen-driven proliferation. The general paradigm is that on exposure to specific antigen, naïve T cells get activated and proliferate rapidly into effector cells. A fraction of these activated cells survive and persist longterm as memory T cells (2, 7, (10) (11) (12) . Naïve T cells are long-lived lymphocytes in a resting state, continuously circulating between blood and lymph system. They need secondary lymphoid tissue for their maintenance (13) . The short-lived effector cells can enter non-lymphoid tissues and carry out specialized functions such as cytokine secretion, B cell help, and cytotoxic killing. CD4 + effector T cells can be segregated into Th1 and Th2 cells according to the types of cytokines they produce (14). Memory T cells circulate in a resting stage, but on antigen-contact they expand more rapidly, with higher and more sustained proliferation peaks and broader responses than their naïve counterparts (13, (15) (16) (17) (18) . The differentiation into naïve, effector, and memory T cells is associated with characteristic changes in the expression of surface molecules, as shown in table 1 for the CD8 + T cell subset (3, (19) (20) (21) (22) (23) . However, no single surface marker is specific and phenotype per se is not function. Increasing the number of markers and the use of better functional tests improves specificity and identifies 'finer' subsets in cell populations (3, 24) . A minimum of three differentiation markers is suggested to enumerate naïve T cells with better than 95% accuracy (9) . Recently, subsets of CD4 + T cells resembling Th1 and Th2 cytokine patterns could be defined based on cell surface markers (25) .
In addition to the antigen-dependent proliferation it is now well established that naïve T cells can also proliferate under lymphopenic conditions (10, (26) (27) (28) (29) (30) (31) . This homeostasis-driven proliferation (syn. lymphopeniainduced proliferation, homeostasis-driven memory T cell differentiation) of naïve T cells is not dependent on cognate antigenic stimulus but requires interaction of self-peptides plus MHC molecules. The antigen-independent T cell differentiation pathway is not associated with an upregulation of early activation markers. But during homeostasis-driven proliferation the cells acquire the surface markers and functional properties of antigenstimulated cells (10, 31) . Thus, the 'memory' phenotype population consists of antigen-experienced and homeostasis-driven cells.
There is an on-going discussion about the stability of these phenotypic changes and the possibility of phenotypic reversion of memory cells back to naïve phenotype cells (32-35). Recent findings suggest that homeostatic memory T cells do not revert to naïve cells (10, 36, 37) . The linearity of differentiation from naïve to effector to memory T cells is another area of controversy. There is no consensus whether a small proportion of effector cells eventually survive as memory cells or independent lines of development for effector versus memory cells exist (11, 18, (38) (39) (40) .
The initial antigen encounter triggers differentiation of naïve cells. Recent studies show that cellular expansion, contraction, and longevity are tightly regulated. The initial antigen encounter results in at least eight to ten programmed cell divisions for the single cell. The antigen dose seems to determine size of the expansion (41-43). There is also evidence that the contraction phase is programmed, independent of the continued presence of antigen (44) . The pattern seems to be similar for CD4 + and CD8 + T cells. But CD8 + T cells divide more (15 divisions) and faster (6 hr per division) than CD4 + T cells (9 divisions, 9-20 hrs per division). As a result, the magnitude of expansion and longevity is greater for CD8 + T cells (45) . Homeostasis-driven proliferation shows a comparable programmed cell differentiation. In comparison to antigendriven proliferation the kinetics are slower (31, 37, 46).
Aging
Aging is associated with shifts in lymphocyte populations and changes in the expression profiles of T cell surface markers (for an excellent review see Pawelec et al (47)). The absolute numbers of peripheral lymphocytes remain rather constant throughout life (2, 48) . The classical view of a generalized decline in humoral and cellular immune responses associated with aging ('immunosenescence') remains controversial as changes that include enhanced as well as diminished functions occur (47, 49).
The age-related changes in T cell differentiation and phenotypes are related to a large extent to the thymic involution. The output of T cells declines with age. This is associated with a shift from naïve to memory phenotype T cells and decreased double positive and increased double negative CD4 and CD8 cells in the peripheral circulation (49) (50) (51) (52) (53) . Alternative sites and pathways of T cell development compensate in part the reduced thymic output (49, 54, 55) . Overall thymic involution is a discontinuous process and the thymus continues to generate T cells through age (52, 53) . The ratio of CD4 + to CD8 + T cells does not show a marked change with age. Of 24 published reports, half did not demonstrate any age-related change, 6 reported small increases and 6 reported decreases in the ratio (2) . T cells show an age-associated increase in the expression of NK cell markers and a down-regulation of the co-stimulatory molecule CD28 (56, 57) .
Due to the age-related impact on the distributions of lymphocyte populations and on surface markers like CD28 or CD57 it is mandatory to use age-matched controls when analyzing phenotypic changes.
Lymphocyte compartments
The analysis of lymphocyte subset data has to take into account biological variability, life spans, and provided diagnostic window.
Seasonal and monthly changes have been described for total lymphocyte counts and CD4 + and CD8 + T cells (58) . Marked diurnal rhythms occur and blood samples for serial lymphocyte subset analyses should ideally be taken at a standard time. Changes in the absolute CD4 counts up to 60% have been observed (59) (60) (61) . Overall intra-individual levels of absolute lymphocyte counts, CD4 + and CD8 + T cells are stable (59, 62) .
Peripheral blood contains only 2 to 3% of the total lymphocyte pool. In addition, the various lymphocyte subsets show different recirculation patterns and migrate into different sites. It is estimated that an individual naïve T cell circulates from the blood to the lymphoid tissue and back again as often as 1 to 2 times per day. The average transit time of lymphocytes in the blood is estimated to be 30 minutes (7, 63) . The heterogeneity in the circulation and homing behavior is reflected in the differences in expression of surface molecules between the different T cells populations (7, 64 ).
The life spans of different lymphocyte subsets are still not exactly known. McLean and Michie investigated in vivo proliferation rates. They calculated that naïve lymphocytes divide once every 3.5 years and memory lymphocytes once every 22 weeks. Overall T cell death rates were very small (65). Recently various new models to study lymphocyte kinetics were proposed (66, 67). The heterogeneity of the lymphocyte subpopulations, differences in life spans, varying recirculation patterns, and different compartments make the analysis of phenotypic changes in peripheral lymphocytes difficult. Peripheral blood subset analysis permits only a very limited view of the immune system (63, 67).
SPECIFICS OF THE TRANSPLANT SETTING
Apart from the immunosuppressive therapy, the immune responses caused by allograft and/or infections are major factors, which induce phenotypic changes in lymphocyte surface markers in the transplant setting. Flow cytometry of lymphocyte subsets has been used in transplant medicine for both monitoring and diagnostic purposes since the early eighties (4, 68, 69) .
Data on the diagnostic value of peripheral lymphocyte subset measurements in the differential diagnosis of acute rejection versus infection are controversial. Most studies analyzed changes in the ratio of CD4 + to CD8 + T cells in regard to the occurrence of rejections or infections. Increases in the ratio seem to correlate with acute rejection and relative decreases with viral infection (4, (68) (69) (70) (71) (72) . However, these changes are not specific enough. Additional effects, in particular of the immunosuppressive therapy, have a major impact on the profiles (73) (74) (75) (76) (77) (78) . Monitoring of activation markers like CD25 or CD71 has been recommended for the differential diagnosis between rejection, infection, and drug nephrotoxicity (4, 79) . Recently, CD28 expression was reported to be associated with acute rejection in liver transplants (80). But overall, all these markers are not routinely used in transplant monitoring (4, 81) .
The measurement of HLA-DR expression on monocytes is an interesting approach to assess the risk of over-immunosuppression. The expression was significantly lower in patients who developed bacterial sepsis. In addition it could be shown that the down-regulation was related to the dose of prednisolone given (82, 83) .
The pre-transplant status of the patients may be another factor influencing distribution and numbers of lymphocyte populations. Hemodialysis patients have a decrease in their cellular immunity, which is in part reflected by lower absolute T cell numbers and changes in the subsets (84, 85) . Operative trauma as well as nonimmunosuppressive therapy may influence lymphocyte numbers. Immediately after surgery, decreases in T cell numbers of up to 60% have been reported (76, 77) . Heparin therapy, for example, is known to cause an acute decrease in circulating lymphocyte counts and subsets (86) . The underlying disease in the transplant recipient may also have an impact on lymphocyte subsets. In particular autoimmune diseases show marked perturbations in lymphocyte phenotypes (59) .
Overall, these changes in lymphocyte phenotypes related to the transplant setting have to be taken into account when analyzing the impact of the immunosuppressive therapy.
IMMUNOSUPPRESSIVE THERAPY
Surface molecules serve two key strategies in regard to immunosuppressive therapy. First, they are used as biomarkers in pharmacodynamic assays (87) (88) (89) (90) (91) . Second, surface receptors and ligands on cell membranes are key targets for immunosuppressive agents.
The currently used immunosuppressive drugs can be divided into two classes according to their main site of Table 2 ). Small molecule drugs act primarily on intracellular pathways and are predominantly used in maintenance therapy. Protein-based drugs act primarily extracellularly by directly targeting cell surface molecules. They are used in induction and rejection therapies (92-95).
Maintenance therapy
In maintenance therapy, the small molecule drugs are usually used in combination. It is therefore difficult to relate changes seen in surface molecules to an individual drug. In addition, the effects on surface marker expression are less pronounced than those achieved with the biological agents. However, some phenotypic changes in immune cells have been associated with special drug therapies as outlined in the following.
Calcineurin inhibition by cyclosporine or tacrolimus influence intra-thymic T cell development. In particular, it inhibits the progression of double-positive to single-positive thymocytes, leading to a reduction in mature T cells (96) (97) (98) (99) (100) (101) (102) . In addition, a disruption in the process of negative thymic selection seems to lead to an increase in self-reactive T cells (101) . The sequential analysis of lymphocyte subsets in relation to the combined treatment with cyclosporine, azathioprine, and either anti-CD3 or polyclonal anti-T cell antibodies did not provide a characteristic pattern and supported the overall variable effect of these drugs on T cell subsets (103) . Two interesting studies looked at changes in lymphocyte populations in children from renal transplant mothers, who were exposed to cyclosporine, azathioprine, and steroids in utero. Both studies described only minimal effects on T cell numbers and functions (104, 105) . However, findings on B cells were contradictory. Takahashi et al described a severe B cell depletion in the newborns and concluded a high sensitivity of the B cell line to immunosuppressive therapy in utero.
Azathioprine has one of the earliest agents used in transplant medicine. Its leukopenic effect is well known. Alamartine and co-workers showed a particular strong influence of azathioprine on number and function of NK cells (106) . One study looked at phenotypic changes in CD4 + T cells of patients with myasthenia gravis who were treated with thymectomy and low-dose immunosuppression of steroids or azathioprine. Overall, they did not see any significant changes to a group of healthy controls (107). It is of interest that thymectomy per se does not seem to lead to phenotypic alterations.
The inosine monophosphate dehydrogenase inhibitor mycophenolate mofetil (MMF) has an impact on the expression of T cell surface molecules. It inhibits the expression of receptors (for IL-2, transferrin, and TNFalpha), of adhesion molecules (LFA-1 and ICAM-1), and of co-stimulatory molecules (CD154 and CD28) (87, 108) . In addition, an inhibitory function on antibody formation and the induction of apoptosis of activated peripheral T cells have been described (109, 110) .
Glucocorticoids are used in maintenance and rejection therapy. They induce a dose-dependent but shortlived acute lymphopenia and have a profound effect on thymocytes. Both CD4 and CD8 counts drop with a return to normal values within 48 hours (59, 111, 112).
Induction and anti-rejection therapy
The protein-based drugs are primarily used in induction and/or rejection therapy. They are directed against receptor-ligand targets located on the surface of the cell membrane. These drugs can be divided into monoclonal and polyclonal antibodies (see table 2 ).
Each monoclonal antibody preparation acts specifically on one single surface marker. OKT3® was the first anti-T cell monoclonal antibody available for clinical use (68). Now various monoclonal antibodies against different types of surface molecules are available. Targets include the T cell receptor (TCR/CD3) complex and its CD4 and CD8 co-receptors, co-stimulatory molecules, cytokine receptors, and adhesion molecules. According to their effect depleting and non-depleting monoclonal antibodies are distinguished (2, 113) .
The polyclonal antibody preparations contain a mixture of antibodies against a broad variety of surface antigens. They comprise both depleting and non-depleting effects. More than 20 different antibody specificities have been described (114) (115) (116) (117) (118) (119) . Starzl and his group first introduced polyclonal antilymphocyte sera into clinical protocols (120).
Effects on surface molecules by non-depleting agents
In addition to depletion, the major immunosuppressive effects of antibodies are achieved by modulation, coating, and activation of surface molecules.
Modulation is the most relevant non-depleting, functional effect. It describes the reversible decrease in the expression of cell surface molecules due to cross-linking between antibody and surface antigen. The antibodyantigen complex is rapidly internalized and not re-expressed, as long as the antibody is present. Modulation is antigen-specific, dose-dependent, rapid and not altered by other immunosuppressive drugs, such as corticosteroids or calcineurin inhibitors. Revillard and his co-workers have extensively investigated the modulation of surface antigens. They developed a method using indirect immunofluorescence to measure precisely modulation by FACS analysis (121, 122) .
The monoclonal antibody OKT3® exerts part of its action due to the reversible down-regulation of the TCR/CD3 complex. This modulation is associated with T cell unresponsiveness to antigens or allogeneic cells. The molecules are re-expressed within a few hours when OKT3® serum levels decrease because of immunization or cessation of treatment (123) (124) (125) (126) .
The polyclonal antibody preparations induce the modulation of a number of surface markers. Downregulation of molecules controlling T cell activation, including the TCR/CD3 complex, CD2, CD4, CD8, CD5, CD6, and regulating leukocyte-endothelium interactions, including LFA-1 (CD11a/CD18), ICAM-1 (CD54) have been shown for Thymoglobulin®. This effect occurred within 2 hours and was seen for up to 4 weeks after treatment (116, 121, 127) . Similar effects have been described for other polyclonal T cell antibodies (114, 117, 118, 128) . Recently, Pistillo et al detected anti-CTLA4 antibodies in polyclonal antibody preparations (119) .
Antibody preparations might also act by 'blindfolding', i.e. binding or coating of surface molecules without causing modulation. This can also inhibit cell function by a variety of nonexclusive mechanisms like denial of appropriate co-stimulation, delivery of negative signals, and reduction of cellular adhesion (114, 129) .
The recently introduced humanized monoclonal antibodies Basiliximab (Simulect) and Daclizumab (Zenapax) act on activated T cells by binding to the alpha chain (CD25) of the IL-2 receptor. This blocks T cell activation and proliferation. The duration of this blockade is dose-dependent. Using the clinically recommended dosages CD25 expression on peripheral lymphocytes is absent for about 20 to 45 days (130) (131) (132) (133) . The IL-2 receptor antagonists do not induce any lymphocyte depletion or manifest changes in lymphocyte subsets (130, 132) . However, in vitro studies demonstrated some degree of antibody-dependent cell cytotoxicity (ADCC) associated with anti-IL-2 receptor antibodies (134).
Binding to various surface molecules has been shown for the polyclonal antibodies in several studies (115-118, 127, 128, 135) . It is of interest, that this binding is not cell lineage specific and might be due to cross reactivity of epitopes on different cell lines. The polyclonal preparations Atgam® or Thymoglobulin® bind preferentially to T cells. However low level binding to NK cells, B cells, monocytes, granulocytes, erythrocytes, and platelets has been demonstrated (121, 122, 127, 135) . A transient fall in the non-lymphoid cell lines might be due to this nonlineage specific binding and is usually seen when high doses of the polyclonal antibodies are used. Probably due to the high turn over rates of these cells the observed decreases in cell numbers are short-lived.
Both binding and modulation of specific surface molecules lead to phenotypic changes. The specific fluorescent antibodies used for the detection of the related surface molecules cannot bind. Thus, numbers of peripheral T cells based on flow cytometry measurements may be misleading and false low. In case of monoclonal or polyclonal anti-T cell therapies, up to 30 to 40% of circulating lymphocytes lack T and B cell markers. This population of so-called null cells is usually not detected by flow cytometry (121) .
Engagement of antibodies with the receptors or ligands might lead to activation of the target cells. Activation of T cells has been demonstrated in particular for the monoclonal antibodies anti-CD3 (OKT3®) and anti-CD52 (Campath-1H®) and to a lesser degree for polyclonal anti-T cell preparations (121, 123, 124, 128, 136) . This T cell activation is associated with up-regulation of CD25 and the synthesis of pro-inflammatory cytokines and the socalled "first dose syndrome". The mitogenic effect on lymphocytes varies between the different antibody preparations and is dose-dependent. Bonnefoy-Berard could show that Thymoglobulin induces in addition to T cell activation, a transient B cell activation. But unlike OKT3 it did not support B cell proliferation and differentiation into immunoglobulin-secreting cells. At low concentrations Thymoglobulin induced an incomplete T cell activation in vitro (121, 124) . Merion showed that the polyclonal antibody Atgam® induced a partial T cell activation associated with marked increases of CD28 and IL-2 receptor (CD25) in the absence of proliferation and leading to anergy (128) .
The functional effects of modulation, binding, coating, and activation are related to the presence of antibodies and therefore determined by the pharmacokinetics of the individual antibody preparation. In contrast to these rather temporary effects, cell depletion induces profound short-and long-term changes.
Depletion of target cells
The depletion of target cells is probably the most potent immunosuppressive effect. Surface molecules serve as targets for monoclonal and polyclonal antibodies. The binding leads to the elimination of these target cell lines from the blood compartment. Information on penetration, mechanisms of action, and degree of depletion of these drugs in lymphoid and graft tissues is still needed.
Mode of action
In general, depleting monoclonal or polyclonal antibodies lead to a rapid (within 2 hrs) elimination of targeted cells from the peripheral blood compartment by complement-or Fc-dependent lysis and/or sequestration into the lymphoid tissues. Complement-dependent cell lysis (CDC) is the major mechanism of depletion used by the monoclonal antibody CD52 (Campath-1H). The administration of anti-CD52 leads to a rapid and profound drop in the circulating cell numbers of B and T cells, monocytes, macrophages, and eosinophils. This is due to the high density of the surface molecule CD52 (comprising about 5% of the lymphocyte cell surface) and its broad distribution on these cell lines (137, 138) . Complementdependent cell lysis is also a major mechanism for T cell depletion induced by polyclonal T cell antibodies. At therapeutic doses the extent of depletion is lower than with the anti-CD52 monoclonal antibody, due to the lower density of the targeted surface molecules. The monoclonal antibodies OKT3® and anti-CD25 (Basiliximab and Zenapax) do not induce complement-dependent cell lysis (123, 131, 134) . In addition, complement-dependent actions do not play a major role in the extra-vascular space, as tissue concentrations of complement are low.
T cell activation inducing apoptotic cell death is an additional mechanism of cell depletion described for the monoclonal antibody OKT3® and the polyclonal antibodies (123, 127, 139) . The apoptosis of T cells is not mediated by death receptors and not inhibited by steroids, calcineurin inhibitors or rapamycin. This mechanism is characterized by rapid kinetics (< 24 hours) and has been found to be the main mode of action of depletion induced by Thymoglobulin® in secondary lymphoid tissues (127) . Cell margination due to the up-regulation of adhesion molecules as well as sequestration and opsonization in the reticulo-endothelial system explains the rapid fall in peripheral T cell numbers induced by OKT3® (123, 140).
Revillard and his group could demonstrate further in vitro mechanisms accounting for the selective depletion of activated T cells. Low sub-mitogenic levels of Thymoglobulin induced the expression of TNF-alpha and CD95 (Fas) on resting T cells. These cells mediate via Fas/Fas-Ligand interaction, the apoptotic cell death of activated T lymphocytes. Steroids and calcineurin inhibitors blocked this selective action. They could also show that antibody-dependent cellular cytotoxicity is a second mechanism depleting selectively activated T cells (139, 141).
Impact on cell subsets
The various anti-T cell antibody preparations induce basically comparable changes in the lymphocyte subsets. The earliest studies described the general pattern of a rapid (within 2-3 days), profound (lymphocyte levels < 10% or <300 cells per microliter compared to pre-treatment levels), and sustained (weeks to months after cessation of therapy) lymphopenia induced by the anti-lymphocyte sera (120, (142) (143) (144) . The overall degree and duration of lymphocyte depletion is higher with the polyclonal antibody preparations than with OKT3® (145) (146) (147) (148) . The drop in the T cell counts is most pronounced with Thymoglobulin® in comparison with the various polyclonal preparations (135, (149) (150) (151) . Changes in the specific T cell subsets as well as other cell lines are not that consistent. Zimmerman described a dose dependent effect of anti-T cell sera. Low doses eliminated primarily T helper cells while sparing other subsets (152) . A marked decrease in NK cells (CD16+CD57-) associated with rabbit polyclonal antibodies but not with OKT3® is described by Zaltzman (146) . B cell counts dropped slightly during therapies with rabbit anti-T cell globulins (148, 153) . Bonnefoy-Berard demonstrated the induction of apoptotic cell death of activated B cell lines by in vitro experiments (154, 155) . All studies showed a quicker recovery of the subset of CD8 + T cells in comparison to the CD4 + T cell subset (145-148, 151, 156, 157) . It is of interest that an immunotoxin directed against CD3 and first investigated by Knechtle and his group in non-human primates showed the same pattern of depletion and recovery of CD4 + versus CD8 + T cells (158) . The monoclonal antibody against the CD52 surface molecule (Campath-1H) shows the most pronounced effects. A profound lymphopenia, decrease in monocytes and macrophages, and often platelets is induced by the administration of Campath-1H (137, 159, 160) . Again the recovery of CD4 + T cells is far slower than that of the CD8 + subset.
T cell monitoring and dose-adjustment
The absence of T cells from the circulation is seen as a biomarker for monitoring the efficacy of therapies using depletion as main immunosuppressive action. There are a number of studies suggesting the effectiveness of T cell monitoring to achieve potent immunosuppression without over-immunosuppression.
In particular Clark and Shenton showed that T cell monitoring provides a means for dose-adjustment of polyclonal antibodies. The daily dose of the antilymphocyte agent was adjusted to achieve a target level of 50 CD3 + T cells per microliter. This regimen allowed a reduction in the total drug dose with no loss of efficacy but concomitant reduction in serious viral infections plus a cost benefit (161, 162) . Safety, efficacy, and cost benefit of this approach have been demonstrated in several studies (163) (164) (165) (166) (167) (168) (169) (170) (171) . However, the optimum target level of cell numbers is still not clear and there still remains the question of whether measurements of total lymphocyte counts are sufficient or CD3 + measurements are needed (165, 166, 168) . This dilemma is partly a result of methodological differences such as the high inter-laboratory variability, the lack of standardization, and the problem of reproducibility of cell numbers in the severely lymphopenic blood counts (8, 162).
IMMUNE RECONSTITUTION AND LONG-TERM CHANGES
Early phenotypic changes occurring during the use of immunosuppressive agents directed against surface molecules were described in section 5. However, a prospective study also showed profound long-term effects on T cell populations after short-term T cell depletion in renal transplant patients (147, 172) . Similar findings have been reported for various disease entities in which T cell depleting therapies are used (33, 158, 159, (173) (174) (175) (176) . Extent, kinetics, and functional implications of these changes are of major importance for the 'integrity' of the immune system and its responses to self and foreign antigens. In contrast to short-term blocking agents the functional impairment attained with depleting strategies might be sufficiently long enough to put adequate regulation in place in the setting of transplantation (160).
These long-term phenotypic changes and emerging principles of immune reconstitution are discussed in the following sections. Because few studies analyze long-term changes in lymphocyte subsets after depleting therapies in solid organ transplantation, data on cell depletion in other disease entities, such as bone marrow transplantation, malignancies or autoimmune diseases are included.
Regeneration and novel homeostasis 6.1.1. Homeostasis-driven proliferation
In an adult mammal the total number of lymphocytes remains constant. Changes in total counts unmask a tendency of this cell type, to approach the previous stationary distribution of population densities, i.e. homeostasis (177, 178) . T cell depleting therapies generate pronounced changes in lymphocyte populations. Recently it has been shown in mice that lymphopenia induces the expansion of the residual T cells. During this so-called homeostasis-driven proliferation, the naïve T cells acquire the cell surface markers and functional properties of antigen-induced memory T cells (27, 29, 179) . Despite the phenotypic similarities in the memory cells there are significant differences between antigen-and homeostasisdriven proliferation pathways. In particular, the latter shows a slower rate of expansion, the proliferating cells in lymphopenic hosts do not increase significantly in size or become overtly activated to express CD69 and CD25 and they do not acquire effector cell functions as do antigenstimulated T cells (31, 37, 46). Recent work strongly suggests that the homeostasis-driven proliferation restores only the memory T cell compartment. The reconstitution of the naïve T cell compartment seems to depend on de novo T cell development in the thymus (21, 31, 180).
The phenotypic changes seen in transplant patients after T cell depletion fit very well within the concept of the homeostasis-driven memory T cell proliferation. 'Surviving' residual naïve and memory T cells undergo proliferation to fill the empty space. This homeostasis-driven memory T cell proliferation leads to a further loss of naïve T cells and an increase of T cells with a memory phenotype (173, 174, 181) . It explains the marked over-representation of memory-phenotype cells in adult transplant patients following T cell depletion. The extent of naïve T cell regeneration depends on the 'thymic' age. A recent study demonstrated a significant inverse relation between age and reconstitution of naïve T cells in women who received high dose chemotherapy for breast cancer (182) . The extent of extra-thymic generation of naïve CD8 + T cells is controversial. The study after high dose chemotherapy showed a similar reconstitution pattern for naïve CD4 + and naïve CD8 + T cells (182) . By contrast, in a thymectomized patient, the generation of CD8 + T cells with a naïve phenotype (CD45RA + ) was demonstrated, but this patient could not generate naïve CD4 + T cells (181, 183) .
The most striking finding on phenotypic monitoring after T cell depletion is the occurrence and persistence of a pronounced inversion in the ratio of CD4 + to CD8 + T cells (147, (172) (173) (174) (181) (182) (183) (184) (185) . This inversion reflects differences in the regeneration pathways.
Reconstitution of CD4 + T cells is dependent on the thymus, whereas CD8
+ T cells can be restored by extra-thymic maturation (33, [186] [187] [188] . This explains the agedependency of the regeneration of CD4 + T cells and the changes in the ratio of CD4 + to CD8 + T cells.
In addition, homeostasis-driven proliferation requires the engagement of the T cell receptor (TCR) with MHC-molecules loaded with self-peptides plus other stimulating factors, in particular cytokines. This TCRmediated proliferation is the same as for antigen-induced T cell proliferation, except in the latter case the peptides are derived from exogenous antigens. The encounter of the TCR with MHC-class II determines the proliferation of CD4 + T cells, MHC-class I engagement leads to CD8 + T cells (31, 46, 179, [189] [190] [191] [192] . This selection of cell lineages mimics the intra-thymic maturation pathway. The overall higher quantity of MHC class I expression in the periphery and the potentially higher antigenic load in the immunocompromised transplant patient might be an additional explanation for the dominant expansion of CD8 + T cells relative to the CD4 + T cells.
In addition to the observed CD8 + T cell expansion the described mechanisms of depletion-induced T cell proliferation might explain another clinical phenomenon; i.e. the association between cell depletion and autoimmune phenomena (193) (194) (195) (196) . In lymphopenic mice only about 30 percent of the residual T cells undergo homeostasis-driven proliferation (21, 29) . Cells that preferentially expand are those with a high affinity for self-peptide/MHC and those recognizing the most abundant self-peptide/MHC complexes (10, 12, 46, 190) . The expansion of the most auto-reactive T cells might be one explanation for the organ-specific autoimmune diseases described in mice after thymectomy and/or irradiation or recently in patients with multiple sclerosis who received anti-CD52 antibodies (194, 195) . However, in regard to the multitude of patients being treated with T cell depletion and the very low incidence of clinically manifest autoimmune diseases there must be additional regulatory mechanisms, which are not yet well understood. In this respect it is of interest, that one major characteristic of homeostasis-driven T cell differentiation (comparable to the intra-thymic T cell maturation and differentiation) is the absence of inflammation. This is a major difference from antigen-driven T cell differentiation.
Population kinetics and homeostasis
In general, each lymphocyte population demonstrates unique regeneration kinetics. In addition, both numbers and distribution of the lymphocyte subsets reached in the new steady state differ from pre-treatment levels, healthy control numbers, and levels shown by transplant patients who did not receive T cell depleting therapies. However, these observations are based on a small number of studies on repopulation patterns of lymphocyte subsets in adult patients treated with depleting antibodies for different disease entities. 147, 148, 172-175, 181-184, 188, 197, 198) . Therefore, the patterns described below reflect general trends, highlighting clearly, the need for further detailed studies.
Dynamics
The most profound and persistent changes are seen following cell depletion with the anti-CD52 monoclonal antibody Campath-1H® (137, 160) . Macrophages, NK cells, and B cells typically recover within 1 to 3 months. Total lymphocyte and T cell numbers remain below normal for up to two years (174, 175, 184) . Following polyclonal antibodies or chemotherapy it takes about 12 to 24 months to reach normal total lymphocyte and T cell counts. CD8 + T cells recover rapidly within the first 3 to 6 months and often maintain higher steady state levels than before treatment. In contrast, CD4 + T cells show an age-dependent very slow recovery and remain below normal levels for as long as adult patients have been followed up (10 years) (33, 55, 147, 172-175, 182, 183, 199) . The recovery of the naïve T cell population is agedependent, as discussed above. In adult patients the naïve T cell numbers stay below the normal range for at least 12 to 18 months. The naïve CD8 + T cells seem to recover quicker than the naïve CD4 + T cells. The memory compartment recovers within 3 months and stays static throughout the follow-up (174, 181, 182).
Plateau, niches, and regulation
The time point of a new steady state seems to be determined by the total T cell numbers. Once they have normalized, i.e. after 12 to 24 months, numbers and distribution of the CD4 + and CD8 + population remain stable. This is best seen in the persistence of the depressed ratio of CD4 + to CD8 + T cells (147, 148, 172, 174, 182, 199, 200) . This is a surprising finding. One would expect a progressive increase in the CD4 + T cell population and parallel decrease in the CD8 + T cells to eventually reach pre-depletion levels. However, data from the group of Rocha and Freitas obtained in murine experimental models support the observation of a development of new plateaus for the individual populations, independent of the levels before depletion (191, (201) (202) (203) (204) . The so-called 'Red Queen Hypothesis' summarizes the population kinetics: "You need all the running you can do to stand still" (202, 205) . Once a novel homeostasis has been established the total sizes of the CD4 + and CD8 + populations remain stable, quantitative changes occur only within the two compartments. In this theorem, the total number of T cells is determined by the availability of space and resources. As the CD4 + and CD8 + populations harbor the same ecological niche, they are closely linked, both during the regeneration period and the new steady state (178, 191, 204) . Homeostatic proliferation and 'Red Queen Hypothesis' nicely explain the general patterns in the expansion of the CD8 + and restriction of the CD4 + populations during the regeneration period and the persistence of the ratio of CD4 + to CD8 + T cells once the new homeostasis has been established.
The memory and naïve T cell populations show a different pattern. The population of memory T cells recovers rapidly and stays static throughout the period of observation. In contrast, the naïve T cell population recovers very slowly and keeps increasing in numbers independent of the memory population (182, 183) . The accumulation of memory cells will not lead to the contraction of the naïve T cell pool. Again supported by experimental data in mice these two populations seem to be independently regulated (31, 191, 192, 204) . This might reflect the biological necessity to have a sufficient memory population for recall responses against known antigens and to be prepared for new antigens with a diverse and broad population of naïve T cells.
In addition to these population dynamics, mice data suggest an independent regulation for the B and T cell compartments, resting and activated B cells, and for the T cells with alpha/beta and with gamma/delta receptors (191) .
Functional implications
The described kinetics and mechanisms are primarily based on changes in lymphocyte subsets defined by phenotypic markers. This review cannot cover the multiple biological implications. Loss and slow recovery of naïve T cells and increase in cells with a memory phenotype is associated with a marked loss in diversity and a restriction in the TCR repertoire (46, 182, 197, 206, 207) . Immunizing strategies have to account for the slow recovery of naïve T cells and immunization is probably not effective within the first 12 months of reconstitution. During the period of reconstitution the susceptibility to infections is higher. Further, since T cell regeneration is highly age-dependent, depleting therapies have to take the patient's age into account. The homeostasis-driven proliferation and cell maintenance is both dependent on space, competing populations and resources. Cytokines play a crucial role (189, 208, 209) . The therapeutic application of specific cytokines might be one approach to influence the recovery rates and distributions of various populations. Depletion and regeneration seem to support the generation of auto-reactive cells. On the other hand the replacement of the resident perinatal lymphocyte compartment by the adult cells is believed to be the basis for its increased susceptibility to tolerance induction (210, 211) . It is of interest that this period of reconstitution and the establishement of a novel homeostasis with the expansion of specific cell subsets reflect the concept of separating the post-transplant course into a period of adaptation and a period of post-adaptation (160, 212) . Adaptation processes seem to predominate during the first 3 to 6 posttransplant months. During this time a sufficient maintenance immunosuppressive therapy is needed. These months of increased immunity against the allograft are followed by the so-called post-adaptation period, during which the likelihood of acute rejection episodes is very low and a significant reduction in immunosuppression is possible.
However, the process of homeostasis-driven lymphocyte differentiation, the overlap with antigeninduced proliferation, the role of environment, niche segregations, antigen/allograft persistence in inducing effector functions or anergy/tolerance are still far from clear.
Expansion of specific cell subsets
Phenotypic monitoring in transplant patients does not only show changes in the major lymphocyte subsets. In our long-term study in renal transplant patients, the increase in the CD8 + T cells was characterized by a progressive expansion in T cells co-expressing CD8 and CD57 (147, 172) . This increase was seen in all transplant patients, irrespective of the initial therapy. However, patients treated with T cell depletion had the most pronounced increases. About 70 to 80% of all CD8 + T cells expressed CD57. Other groups have reported similar expansions of this cell subset in both solid organ and bone marrow transplantation (32, 34, 35, 213-216) . In healthy subjects, CD8 + T cells was also reported in a study in cardiac transplant patients. The CD57 + T cells expanded 6 to 8 weeks after the start of the CMV infection (225) . These findings suggest a crucial role of CMV in the development of this specific cell subset.
However, it is not clear whether increases in CD8 + CD57 + T cells are exclusively seen in association with CMV infections. Expansions of this specific cell subset have been reported in diseases such as rheumatoid arthritis (226, 227), Crohn's disease (228), or HIV (229, 230) . These diseases are comparable to the transplant situation.
They are characterized by chronic inflammation/immune activation and also by an increased incidence of CMV infections. An expansion of CD57 + T cells may occur in the absence of clinical symptoms of CMV infection (221) (222) (223) . It has been shown, that patients without detectable CMV viremia may have a persistent IgM response against specific CMV epitopes lasting over years (231, 232) . The CD8 expression implies a MHC class I restriction for pathogens of intracellular origin. Thus, the persistent and ubiquitous CMV might induce by repeated antigenic stimulation and/or MHC-class I up-regulation an environment for the expansion of CD8 + CD57 + T cells. On the other hand, the induction of the CD8 + CD57 + T cell population is slower than the development of CMVdirected humoral and cellular immune responses (221, 224, 225) . Treatment-or disease-induced T cell depletion is associated with the strongest expansion in the CD8 + CD57 + T cell subset (147, 182, 223, 229, 230) . The differences in the sizes of the CD8 + CD57
+ subsets between depleting and non-depleting therapies were not associated with different incidences in CMV infections or markers of cellular immune activation (147, 172) . Therefore, the expansion of CD8 + CD57
+ T cells might be a characteristic of homeostasis-driven proliferation, in an environment with a high probability of CMV-related antigenic stimulation. + subset is clonally derived. CD8 + T cells in the CD57 compartment express a highly restricted TCR repertoire (32, 217, 233) . Cells with CD57 expression are terminally differentiated cytotoxic effector cells. Because of their specific biology and restricted repertoire they cannot be considered effective for either novel nor recall antigens. They may be important in the immunosuppression associated with CMV infection (217, (233) (234) (235) . Conctactdependent suppression of CD8 + CD57
+ cells has been shown in a number of in vitro tests (reviewed by Wang and Borysiewicz (217)). In bone marrow and HIV infection a soluble factor-mediated suppression by CD8 + CD57
+ T cells has been reported (230, 236) .
In this regard it is of particular interest that Prud'Homme and his group observed an association between long-term renal allograft function and an expansion of the CD8 + CD57
+ cells. In vitro these cells suppressed mixed lymphocyte culture responses, pokeweed mitogen-induced IgG secretion and supernatants from cell cultures were also suppressive (213). A number of studies reported potential suppressor and regulatory functions of various cell subsets in organ transplantation (32, 34, 157, 214, 215, 222, 237, 238) . However, despite the multitude of efforts no clear-cut regulatory cell and/or soluble factor could be identified.
Recently, the concept of regulatory T cells has experienced a renaissance due to their role in preventing auto-immunity. Multiple types of regulatory cells have been described. The best characterized are the CD4 + CD25 + lymphocytes (239, 240). In solid organ transplantation, Suciu-Foca and co-workers showed that CD8 + CD28 -alloantigen-specific T suppressor cells induced the upregulation of inhibitory receptors on monocytes and dendritic cells, rendering these antigen-presenting cells tolerogenic (241) . This distinct cell population was expanded in heart and liver transplant patients. It uses antigen-presenting cells as a bridge to suppress antigenspecific CD4 + T cell responses. In a second paper they further classified this population and indicated that CD8 + CD28 -
CD27
+ T cells are the subset with regulatory function in allograft recipients (242) .
In respect to these phenotypic classifications it is of particular interest that the co-stimulatory molecule CD28 shows a reciprocal expression with the marker CD57. CD28 and CD57 are mutually exclusively expressed on CD8 + T cells. Only around 1% of CD8 + T cells express both markers (57, 182, 223, 234 (182, 243) . In a reciprocal manner to CD57 the molecule CD28 is down-regulated after Ag-stimulation (244, 245) , the CD28 -cells show shortened telomeres (246) and a diminished proliferative capacity (233) .
Fagnoni analyzed the regeneration of lymphocyte subsets and expression in particular of CD28 after highdose chemotherapy in women with breast cancer. As discussed above, her findings corroborate the kinetics and regeneration pathways of homeostasis-driven proliferation. In addition the data are particularly helpful, as the regeneration occurred without the potential impact of an allograft or concomitant immunosuppression and evidence of CMV infections (182). The described regeneration kinetics and expansion of the CD8 +
CD28
-T cells fit very well with the dynamics of the CD8 + CD57 + T cell subset described above in the transplant patients. The CD8 + T cells recovered within 3 months, reaching higher levels than before depletion. The expansion was mainly due to an increase in CD8 +
-T cells, which may persist permanently. They concluded, that the expansion of CD28 -CD57
+ cells can account for the post-treatment early increase of total CD8 + T cells, as described also by Mackall (182, 198) .
In general, transplantation and predominantly lymphopenia-induced proliferation are associated with the expansion of specific subpopulations of highly differentiated cells. These cells seem to have a regulatory function. Further phenotypic and functional studies are needed to precisely characterize the generation and role of these cells in transplantation.
Accelerated aging of the immune system
The phenotypic changes in the lymphocyte subsets of transplant patients have many similarities to those seen in elderly people (see table 3 ).
In transplant patients, T cells show a shift from naive to memory phenotype. The subset of CD8 + T cells is expanded and characterized by an up-regulation of the CD57 and a down-regulation of the CD28 surface molecules. The increased CD8
+ T cell population is clonally expanded and has a restricted TCR repertoire. In addition, recent studies in recipients of allogeneic bone marrow transplants demonstrated an accelerated telomere shortening (247) (248) (249) .
In elderly subjects, the frequency of naive T cells is reduced. The proportion of memory T cells increases with aging (49) . The co-stimulatory molecule CD28 and the glycoprotein CD57 are used as biomarkers of aging for human lymphocytes (47, 57). A significant correlation between age and decrease in CD28 and reciprocal increase in CD57 expression on CD8 + T cells has been reported (57) . Solana and his group showed that aging is associated with an increased expression of NK markers, such as CD57 on T cells (56) . CD57
+ and/or CD28 -CD8 + T cells are highly differentiated cells. They have a low proliferative capacity and significantly shorter telomere lengths. Therefore these cells show the characteristics of replicative senescence, i.e. the inability to divide again in culture (47, 56, 246, 250, 251) . A very recent study of HIV-specific CD8 + T cells characterized CD57 surface expression as a marker of replicative senescence (252) . The age-dependent accumulation of CD8 +
CD28
-T cells might be due to their increased resistance to apoptosis (253) . Restrictions in the TCR repertoire and oligoclonal expansions are prevalent in the CD28
-and the CD57 + T cell subset (47, 49, 233, 246) .
These similarities in immunophenotypic changes between transplant patients and elderly people suggest that transplantation is associated with an accelerated aging of the immune system. Halloran introduced the concept of 'accelerated senescence' into transplant medicine (254) . In this model, the cumulative burden of injury and age exhausts the ability of graft parenchymal cells to repair and maintain tissue integrity, eventually leading to chronic allograft nephropathy. In an analogous way, the term 'accelerated immunosenescence' may be used for the phenotypic findings described above and the potential underlying mechanisms causing an accelerated aging of the immune system.
The concept of premature aging of the immune system has been described before in two disease entities, human immunodeficiency virus (HIV) infection and rheumatoid arthritis (RA) (20, 255) . Despite the marked differences between transplantation, HIV infection, and RA, all three disease entities are characterized by a chronic immune activation and inflammation. Figure 2 shows that immune activation induces T cell proliferation and differentiation (20, 207, 256, 257) . The accumulation of cells showing the phenotype of terminal differentiation and the functional state of replicative senescence might be the end-product reflecting the cumulative burden of immune -T cells. Chronic immune activation, both due to adaptive and innate/inflammatory stimuli, and the associated increased cell turnover are likely to be key elements in this process. Lymphocyte depletion is likely to increase the number of cells entering this proliferation and differentiation cycle.
Recent findings on the proliferation pathways support this model (see also section 3.1.). In antigen-driven proliferation, the individual cell seems to underlie an all-ornothing response to activation, i.e. once activated it undergoes a programmed proliferation, contraction and memory differentiation. This 'auto-pilot' response might drive the single cell into replicative senescence (43, 44, 47). Homeostasis-driven proliferation seems to trigger a comparable programmed response just as antigen-driven proliferation leading to the same memory-phenotype cells (10, 31) . Disease and treatment characteristics determine the relative extent and overlap of antigen-versus homeostasis-driven proliferation (46, 190) .
The functional role and implications of these changes need further studies. Overall, transplant patients have a weaker response to vaccination and an increased susceptibility to infections and tumors. On the other hand, aging seems to be associated with a lower incidence in acute rejection episodes (258) (259) (260) . Prospective and longitudinal studies investigating sequentially the longterm phenotypic and functional changes in lymphocyte populations in regard to different treatment strategies and age groups are needed. These efforts must also integrate clinical practice with basic research in order to analyze the data critically. Transplantation and the accelerated changes associated might offer an ideal window to learn more about both, aging and the immune system.
SUMMARY AND PERSPECTIVE
Transplantation and immunosuppression are associated with characteristic changes in the expression of surface molecules. The analysis of these perturbations has to take into account both methodological limitations of the fluorescence-based approach and physiologic changes occurring during lymphocyte development and aging. Phenotypic changes are used to monitor and diagnose immune responses associated with transplantation, in particular rejection and infection. However, flow cytometric monitoring is not routinely used for diagnostic purposes due to its lack of specificity.
The immunosuppressive agents can be divided into two groups in regard to their effect on surface molecules. Small molecule drugs act primarily on intracellular pathways and only indirectly on surface markers. The mono-and polyclonal antibodies use surface molecules as direct targets. Monitoring of the changes in expression of surface markers is used to adjust and individualize the degree of immunosuppression.
The most pronounced effects on immune phenotypes are seen with lymphocyte depleting agents. The creation of an 'empty space' induces cell regeneration by homeostasis-driven proliferation. This regeneration is associated with characteristic changes in the phenotypes of the individual lymphocyte subpopulations. Thymic involution, i.e. age, is a major factor in determining the extent of changes seen for the regeneration of T cells, both in regard to the ratio of CD4 + to CD8 + and of naïve to memory cells. Following depletion, immune reconstitution leads to a novel homeostasis within the different lymphocyte subsets. This novel homeostasis is characterized by a shift towards more differentiated cell phenotypes and an expansion of specific cell subsets. These cell populations have long been associated with regulator and suppressor functions in transplantation. A recent renaissance in the concept of regulatory cells has lead to an intense search for cell populations with specific phenotypes inducing tolerance.
The overall changes in phenotypes seen in the different lymphocyte subsets of transplant patients show a striking similarity to those seen in elderly patients. In addition comparable phenotypic patterns are also seen with disease entities characterized by chronic immune activation. It is feasible that chronic immune activation in transplantation, due to the increased antigeneic and inflammatory load, leads to proliferation and an expansion of terminally differentiated T cells with low proliferative capacity. Therefore, an accelerated aging of the immune system is hypothesized on the basis of the phenotypic changes seen with immunosuppression in transplant patients.
Future studies will further characterize these changes. The advances in fluorescence-based technologies will improve the identification of 'fine' subsets with distinct phenotypic and functional characteristics. The knowledge about reconstitution kinetics, pathways, and induction of specific cell subsets will facilitate the individualization of immunosuppressive therapies. This might be one approach to achieve clinical tolerance.
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